Magnetic graphene nanoplatelet composites (MGNCs) decorated with core-shell Fe-Fe 2 O 3 nanoparticles (NPs) have been synthesized using a facile one-pot thermal decomposition method. The graphene nanoplatelets (GNPs) decorated with uniformly dispersed NPs are observed to exhibit a strong magnetization and can be magnetically separated from the liquid mixture by a permanent magnet. These MGNCs demonstrate an effective and efficient adsorption of arsenic(III) in the polluted water due to the increased adsorption sites in the presence of magnetic NPs. The adsorption behavior is well fitted with both Langmuir and Freundlich models, which show a significantly higher adsorption capacity (11.34 mg/g) than the other adsorption values reported on the conventional iron oxide based adsorbents (∼1 mg/g). The results show a nearly complete As(III) removal within 1 ppb. © 2012 The Electrochemical Society. [DOI: 10.1149/2.010201jss] All rights reserved.
Arsenic is known for its toxicity and carcinogenicity to human beings, [1] [2] [3] the contaminated water with arsenic is becoming a significantly increasing issue in drinking water throughout the world. Longterm exposure to arsenic can cause cancers of the bladder, lungs, skin, kidney, liver and prostate. 4 Arsenic contaminates include both natural and anthropogenic sources. Anthropogenic arsenic pollutants originate from mining and smelting of non-ferrous metals, burning of fossil fuels, usage of arsenic-containing pesticides in the agriculture 5 and arsenic-containing chemicals in the preservation of timber. 6 Arsenic can exit in both inorganic and organic forms. In general, inorganic arsenic compounds are more toxic than organic arsenic compounds, and arsenite [As(III)] is considerably more mobile and toxic than arsenate [As(V)]. 7 Arsenate (i.e., HAsO 4 2− ) is the primary anion in the aerobic surface water and arsenite (i.e., H 3 AsO 3 or H 2 AsO 3 − ) is the primary species in the ground water. The actual valence states and chemical form, however, depend on the redox environments in the water systems including pH, oxidation-reduction potential, and the presence of complexing ions. 7, 8 Toxic arsenic compounds have been detected in water supply wells in the United States 9 and abroad. The shallow groundwater, a major source of drinking water for many south and southeast Asian countries like Bangladesh, is contaminated with arsenic. 10 The U.S. Environmental Protection Agency (USEPA) issued a new legislation effective in February 2002 with a required reduced maximum contaminant level (MCL) of 10 ppb by the year 2006. 3 India, 11 New Zealand, 12 Taiwan 13 and Vietnam 14 have the same 10 ppb level of arsenic as a maximum permissible limit for the drinking water. Bangladesh, 15 Nepal, 16 Argentina, 17 China, 18 Chile 19 and Mexico 20 have regulated 50 ppb of arsenic as a maximum level of contamination in the drinking water. These new regulations make water facilities face challenging financial burdens or even incapable of reaching the newly proposed MCL for arsenic, unless affordable methods of arsenic removal are developed. Therefore, effective treatment with an economical and reliable technique capable of removing arsenic species is required to meet this new MCL value.
There are several requirements that need to be met for arsenic removal such as safe and easy operation, high efficiency and low cost. 7 Compared to the conventional water treatment techniques including oxidation/precipitation, 21 membrane/reverse osmosis, coagulation/coprecipitation, 22 and ion exchange, 7 adsorption has the following advantages. For example, it does not need a large volume or additional chemicals for treatment and it is easier to be deployed * Electrochemical Society Active Member.
z E-mail: suying.wei@lamar.edu; zhanhu.guo@lamar.edu as a Point of Entry/Point of Use (POE/POU) arsenic removal process. Moreover, adsorption processes produce no sludge as met in the coagulation approach 7 and it does not need a strict control of pH values as met in the oxidation process. 23 Adsorption can be dealt with low cost medium, low-tech operation and maintenance when compared to that of ion-exchange 24 and reverse osmosis processes. 25 The most widely studied adsorbents for the adsorption processes include iron hydroxides and oxides (such as amorphous hydrous ferric oxide, ferrihydrite and goethite). [26] [27] [28] [29] Iron-based materials are very effective in the removal of arsenic (arsenate and arsenite). 2, 30, 31 Currently, the heavy metal removal with a higher adsorption capacity and reaction rate is often achieved by using iron or iron oxide nanostructures. [32] [33] [34] [35] [36] [37] However, there are two major challenges to be solved when using these nanomaterials. One comes from the easy oxidation of the pure Fe nanoparticles (NPs) [38] [39] [40] and the other is the difficulty to recycle these NPs with such a small size, especially in a continuous flowing system. To overcome this challenge, researchers have been trying to embed these NPs in an easily separated substrate, the most typical substrate is carbon due to its low cost and high specific surface area. 37, 41, 42 Graphene and graphene oxide have shown many applications in nanoelectronics, 43 sensors 44, 45 and composites materials. [46] [47] [48] With a large dimension in XY plane reaching several micrometers and extremely thin thickness (nanometer) in Z-axis, graphene has large specific surface area and possesses great advantages to be a perfect platform for fixing NPs. Graphene serves as an ideal supporting media for preloading iron, which offers an high affinity to As(III). Studies have shown that aqueous oxyanions undergo a ligand exchange reaction with iron on the carbon surface and form a surface complex. 49 This arsenic adsorption onto iron is specific and the amount of arsenic removed is closely related to the amount of loaded iron, and to the dispersion and surface accessibility of iron on the graphene surface. However, the As(III) removal by the magnetic graphene nanocomposites has been rarely studied.
In this paper, the magnetic graphene nanoplatelet composites (MGNCs) with iron-iron oxide nanoparticles decorated on the graphene nanoplatelet surface have been prepared by a simple thermodecomposition method. The MGNCs have been characterized by transmission electron microscopy (TEM), scanning TEM-high angle annular dark field (STEM-HAADF) image, and X-ray diffraction (XRD). The magnetic properties are characterized in a physical property measurement system (PPMS). The exploratory application of these nanocomposites on the removal of trace As(III) in polluted water is investigated. The effects of the parameters including initial pollutant concentration, adsorption time and solution pH on the As(III)
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Materials and Methods
Materials.-Graphene nanoplatelets (N006-010-P, XY: ≤14 μm, Z: < 40 nm) were supplied by Angstron Materials Inc., USA. Iron(0) pentacarbonyl (Fe(CO) 5 , 99%), sodium arsenite (NaAsO 2 , reagent grade), dimethylformamide (DMF, 99%), nitric acid (70%) and sodium hydroxide (≥98%) were commercially obtained from Sigma Aldrich and used as received. Standard arsenite (As-III, 20 ppm) used for arsenite analysis was obtained from TraceDetect Inc.
Preparation of magnetic graphene nanoplatelet composites (MGNCs).-
The MGNCs were fabricated using one-pot thermal decomposition method. To be specific, GNP (1.0 g) was dispersed in DMF (100 mL) using ultrasonication for 30 min at room temperature. And then Fe(CO) 5 (0.385 g) was injected to the GNP solution (DMF and Fe(CO) 5 are intermiscible). The suspension was heated to the boiling temperature (∼153
• C) and refluxed for additional 4 hours. Finally, the solid products were removed from the suspension using a permanent magnet, and the residue solution was transparent, indicating a complete decomposition of Fe(CO) 5 , otherwise a yellow solution would be observed. The collected solid residues were dried in a vacuum oven for 24 hours and then annealed at 500
• C for 2 hours under H 2 /Ar atmosphere (5% hydrogen balanced with argon) for further characterization and arsenic(III) removal test.
Characterization.-The morphology of the MGNCs was characterized by a FEI Tecnai G 2 F20 transmission electron microscopy (TEM) with a field emission gun, operated at an accelerating voltage of 200 kV. Samples for TEM observation were prepared by drying a drop of MGNCs/ethanol suspension on carbon-coated copper TEM grids. To avoid diffraction or Fresnel fringes, STEM-HAADF technique was used to characterize the MGNCs. By using a STEM detector with a large inner radius, a HAADF detector, electrons are collected which are not Bragg scattered. As such HAADF images show little or no diffraction effects.
The powder X-ray diffraction (XRD) analysis of the samples was carried out with a Bruker AXS D8 Discover diffractometer with GADDS (General Area Detector Diffraction System) operating with a Cu-Kα radiation source filtered with a graphite monochromator (λ = 1.5406 Å). The magnetic properties of the MGNCs at room temperature were measured in a 9 T physical properties measurement system (PPMS) by Quantum Design.
As(III) analysis method.-Aqueous arsenite stock solution (20 ppm) was prepared by dissolving sodium arsenite in deionized water. The As(III) adsorption was carried out in a 250 mL glass beaker under mechanical stirring at 500 rpm to obtain an adsorbentliquid homogeneous mixture. As(III) was measured with a Nano-Band Explorer II, which is based on an advanced TriTrode electrode technology using the Nano-Band working electrode, reference electrode, and auxiliary electrode. The TriTrode offers an easy setup, high reliability and simple maintenance. It analyzes arsenic using anodic stripping voltammetry (ASV) technology, 50 which has been already approved by EPA as an standard analytical method to detect the As(III) and/or As(V) with a concentration range from 0.1 to 300 ppb. 51 All the standard chemicals for analysis were from TraceDetect Inc. ASV involves three major steps. First, a glassy carbon electrode (GCE) is prepared by plating a thin film of gold onto the electrode, which is then conditioned. Second, the samples are made acidic and rendered conductive by adding hydrochloric acid, the electrode is placed in the sample solution and a fraction of the dissolved arsenic is reduced onto the electrode surface. Third, the arsenic removed from solution forms a layer of arsenic on the gold electrode, which is subsequently oxidized. The amount of electrical current required to remove (or strip) the arsenic oxidatively (an anodic process) gives a quantitative amount of material that was removed from solution. The arsenic concentration is determined by comparing the electrochemical response from the sample to the external standards. Isothermal study.-Aqueous solutions with different initial arsenite concentrations varying from 3 to 6 ppm were used for the experiment at pH = 7 and at room temperature. The adsorption time was 2 hours and the adsorbent loading was 0.2 g/L. Aliquots of 500 μL were taken out for analysis using a syringe with a PTFE 0.02 μm filter tip. Aliquots from the reaction mixture were then diluted with deionized water for arsenic analysis. Kinetic study.-Arsenite solution with 4 ppm concentration and pH = 7 was used for kinetic study at room temperature. Adsorbent loading was 0.2 g/L. Aliquots (500 μL) were sampled at specific time intervals (15, 30, 60, 
Results and Discussion
Materials investigation. -Fig. 1a shows the typical TEM microstructure. The magnetic NPs are observed to grow on the GNP sheet with a narrow size distribution and uniform dispersion. The typical particle size is 22 ± 12 nm. The selected area electron diffraction (SAED) patterns, Fig. 1d , show the crystalline planes (110) and (211) of the Fe core (PDF#06-0696) and (210) of Fe 2 O 3 shell (PDF#39-1346). Due to the amorphous nature of the outer shell, 36 it is impossible to identify the specific component from HRTEM and SAED. Fig. 1b shows the high resolution TEM of the NPs. The NPs are observed to exhibit a core-shell structure and a shell is uniformly coated on each individual nanoparticle with a thickness of about 5 nm. Fig. 1c shows the XRD patterns of pure GNP and MGNCs. The two strong peaks at 26.5 and 54.5
• are from unexfoliated graphite. 52 Some additional peaks are observed in MGNCs as compared to those of pure GNP, the peaks at 2θ = 42.27, 44.65 and 65.08
• correspond to the (100), (110), and (200) crystalline planes of iron (PDF#06-0696) and other peaks at 2θ = 69.70 and 71.20
• are from the (611) and (620) crystalline planes of iron oxide (PDF#39-1346). The XRD results together with the SAED confirm the core@shell structured Fe@Fe 2 O 3 NPs. The uniform dispersion of the NPs on GNP is due to the strong binding of the iron atom clusters at defect sites, 53 which act as traps and effectively slow down the mobility of the clusters; similar observations are also reported for the palladium NPs grown on a TiO 2 surface. 53 The reduced mobility of the clusters results in a higher density of nuclei at the defect sites and therefore causes the uniform dispersion of NPs on the graphene nanoplatelets.
The saturation magnetization (M s ) of the MGNCs is 9.50 emu/g, Fig. 1d , corresponding to a calculated M s of 96.3 emu/g for the NPs (the NP loading is 9.87% from TGA results), which is lower than that of the bulk Fe (222.0 emu/g) 54, 55 due to the large number of the oxidized atoms around the iron core. The coercivity (coercive force, H c ) is observed to be 496.0 Oe after forming the core@shell structure, which is significantly larger than that of the bare Fe NPs (5.0 Oe) with a comparable size. 56, 57 This observation indicates that the NPs become much harder (ferromagnetic at room temperature) after they were decorated on the GNP sheet. The observed large H c is due to the decreased interparticle dipolar interaction arising from the increased interparticle distance as compared to the close contact of the pure iron NPs, and also due to the interfacial exchange coupling 58 between the ferromagnetic iron core and the antiferromagnetic iron oxide. 59 The MGNCs show a tendency to be attracted by a permanent magnet and the black MGNC suspended aqueous solution turns transparent within seconds when it is placed nearby, bottom insert of Fig. 1d . This magnetic attraction behavior is essentially important for the convenient recycling of these nanocomposite adsorbents in the environmental applications.
To clarify the chemical composition of the core@shell NPs, a STEM-HAADF (high angle annular dark field) image of the MGNCs is taken and shown in Fig. 1e and the drift corrected spectrum profile scanning curve of each element (Fe, O, S and Si) is shown in Fig. 1f . The value of the counts in Fig. 1f indicates the weight percentage of different elements (Fe to O ratio ≈ 3.03) along the scan line and the corresponding atom ratio of the major component Fe to O is 0.87. With a confirmed Fe-Fe 2 O 3 core-shell structure of the nanoparticles, the atomic percentage (at%) of iron core and iron oxide shell is calculated as 60.6% and 39.4%, respectively. The slight amount of silicon and sulfur is from the residue of the decomposed surfactant.
Isothermal adsorption.-To study the adsorption capacity of the MGNCs, aqueous solutions with different initial As(III) concentrations varying from 3 to 6 ppm were used for the experiment at pH = 7 with an adsorption time of 2 hours at 25
• C. The isothermal adsorption results are shown in Fig. 2 and the results are fitted with Langmuir and Freundlich isotherm models. The Langmuir 60 isotherm is presented, Equation (1):
The Freundlich 61 isotherm is expressed, Equation (2):
where Q e is the adsorbed amount of arsenic per unit weight of adsorbent in equilibrium condition (mg/g), C e is the equilibrium concentration of arsenic (mg/L), a is the maximum adsorption capacity (mg/g), and b is the constant related to the free energy of the adsorption (L/mg). The Freundlich constant k is indicative of the relative adsorption capacity of the adsorbent (mg/g), and (1/n) is the adsorption intensity.
A nonlinear fitting using Polymath software was applied to obtain all Langmuir and Freundlich isotherm parameters. The observed adsorption data fit both Langmuir and Freundlich isotherm models well (R 2 > 0.95). The adsorption parameters evaluated from both Langmuir and Freundlich isotherms are calculated and summarized in Table 1 . The Langmuir adsorption isotherm has been successfully applied to many other real sorption processes, and it has been used to explain the sorption of arsenic to an iron-based materials. 2, [62] [63] [64] A basic assumption in the Langmuir theory is that the adsorption takes place at specific homogeneous sites within the adsorbent. 65 In the present study, the adsorption of arsenite on the MGNCs would take place on the homogeneous magnetic nanoparticle surface. As determined from the Langmuir constants, the maximum uptake for As(III) over MGNCs is as high as 11.34 mg/g, which is much higher compared to the adsorption capacity of the other iron-based materials such as zerovalent iron (0.732±0.025 mg/g) 66 and iron oxide coated on cement (IOCC, 0.67 mg/g). 63 The enhanced adsorption capacity is due to the increased specific surface area (pure graphene nanoplatelet: 36.4 m 2 /g; MGNCs: 42.1 m 2 /g), which provides more adsorption sites for the arsenite ions. The Freundlich parameter n = 2.79 is found to be significantly larger than 1 (no adsorption if n ≤ 1), which indicates a favorable adsorption of these materials. 2 Adsorption kinetics.-The kinetics of the adsorption that describes the As(III) uptake rate is one of the important characteristics that defines the adsorption efficiency. Hence, in the present study, the kinetics of As(III) removal was carried out to understand the adsorption behavior of the prepared MGNCs. Fig. 3 shows the adsorption data of As(III) over MGNCs at different time intervals (15, 30, 60, 90 and 120 min) . Quantifying the changes in adsorption with time requires an appropriate kinetic model. The pseudo-second-order equation was introduced to describe the kinetic adsorption of As(III) over MGNCs, 
where q t is the solid-phase loading of arsenite in the adsorbent at time t, k ad is the rate constant of adsorption (g/mg · min). The q t vs t curve becomes flat with the elongation of adsorption time, which indicates the adsorption of As(III) on the MGNCs is saturated. The q t at 120 min is 7.11 mg/g, which is consistent with the observed equilibrium adsorption capacity of Q e = 7.10 mg/g at the initial As concentration of 4 ppm, Fig. 2 . The initial adsorption rate, h (mg/g · min), at t approaching zero can be defined as Equation (4):
If the pseudo-second-order kinetics is applicable, the plot of t/q t versus t will give a linear plot and then the initial adsorption rate (h), the equilibrium sorption capacity per unit weight of adsorbent (q e ), and the pseudo-second-order rate constant (k ad ) can be determined experimentally from the slope and intercept of the linear plot. A good linear fit for all the concentrations is observed (R 2 = 0.994), which in turn indicates that the adsorption process can be approximated with a pseudo-second-order kinetics model. The constant k ad and initial adsorption rate (h) are calculated from the Fig. 2 and summarized in Table 1 . The q e = 7.66 mg/g calculated from kinetic study is slightly higher than that of Q e = 7.10 experimentally observed in the isothermal study, which is due to the even longer adsorption time (larger than 120 min) for the calculated q e . This material shows an higher initial adsorption rate of 0.68 mg/g · min than that of Fe 3 O 4 /graphene nanocomposites (0.59 mg/g · min). 2 pH effect.-The removal of metal ions from an aqueous solution by adsorption is related to the pH values of the solution, as pH affects the surface charge of the adsorbents, the degree of ionization and the species of the adsorbate. 68 As(III) remains in a nonionic form (H 3 AsO 3 ) under most pH conditions. 68 The pH effect on the As(III) removal is shown in Fig. 4 and the adsorption capacity is observed to obtain the highest value of 7.1 mg/g at pH = 7. The larger deviation of the solution pH from the neutral state, the lower adsorption capacity is observed either in acidic or basic solutions. The decrease in the adsorption of As(III) in acidic and alkali solutions suggests that the electrostatic factors do not control the adsorption process on the MGNCs. At near neutral pH values (6 < pH < 8), the maximum As(III) removal (7.1 mg/g) is observed. This agrees with the other results obtained on iron oxide coated on cement (IOCC), 63 carbonbased adsorbents, 69 zero valent iron, 66 magnetite-reduced graphene oxide composites 2 and on cellulose loaded with iron oxyhydroxide.
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Conclusions
In summary, magnetic graphene nanoplatelet composites (MGNCs) decorated with core-shell Fe-Fe 2 O 3 nanoparticles have been synthesized using a facile one-pot thermal decomposition method. This material shows strong magnetization and can be separated by an external magnetic field. High binding capacity of As(III) is observed in these MGNCs due to the increased adsorption sites in the presence of magnetic nanoparticles. The isotherm and kinetic adsorption of As(III) onto MGNCs have shown a nearly complete As(III) removal within 1 ppb, successfully demonstrating the powerful capability of the synthesized MGNCs to remove heavy metals from polluted water satisfying the USEPA requirement.
